Under iron deficiency, initial cell division occurred in the outer cortex of host roots, as in iron-sufficient plants after inoculation. Iron deficiency then limited further division of cortical cells. Only a few surviving infection sites developed nodules with normal structure but development was much slower than in iron-sufficient plants.
INTRODUCTION
In many legumes, the first step in nodule formation involves rhizobial-induced deformation of host root hairs, the bacteria entering the roots by forming infection threads originating in the curled tips of root hairs. The infection threads, which contain bacteria and are enclosed by a cellulose wall, develop to the base of infected root hairs and then penetrate the root cortex. The rhizobial symbionts stimulate host cell division to form meristems and enter newly divided host cells through the growth and branching of the infection threads. Bacteria are released into cytoplasm through a degradation of the infection thread wall or folding of host plasmamembrane (Nutman, 1956; Dart, 1974 Dart, , 1977 Dazzo, 1980; Meijer, 1982) . In some tropical legumes, e.g. Arachis hypogaea (Chandler, 1978) and Stylosanthes spp. (Ranga Rao, 1977; Chandler, Date & Roughley, 1982) bradyrhizobial infection occurs at the junction of the lateral roots without the formation of infection threads either in the root hairs or in the nodules. The bradyrhizobia enter the cells through the structurally altered cell wall. In some woody legumes, epidermal infection appears likely. Sprent (1989) describes rhizobial penetration between epidermal cells in a manner similar to that for Frankia infection of the non-legume plant Elaeagnus. Rhizobial infection in Mimosa scabrella has been confirmed as being of this type (Faria, Hay & Sprent, 1988) .
Little is known regarding the site of infection and the processes involved in nodule initiation in lupins, no infection threads having been observed in early studies either in root hairs (Dart, 1977; Quispel, 1983) or in nodules (Dart, 1977) . However, in developing lupin nodules, infection threads have been subsequently found in nodule tissue, each with wall material continuous with the cell wall of the plant (Robertson et al., 1978) .
In lupins, iron is required in a greater amount for nodule formation than for host plant growth (Tang, Robson & Dilworth, 1990a) . Nodules were not formed on those roots directly exposed to a solution with deficient iron, irrespective of whether the shoot or the rest of the root system was iron-sufficient (Tang, Robson & Dilworth, 1990b , 1991 . Iron deficiency markedly decreased the number of nodule initials and thereafter the number of nodules. In iron-sufficient plants, the formation of nodule initials commenced on day 5 after inoculation and was completed within three days (Tang et al., 1990b) .
With transfer experiments, Tang et al. (1991) found that the impairment of the nodulation process by iron deficiency could be attributed to the prevention of a step at day 4 after inoculation, the stage just before nodule initials were formed. However, how iron deficiency interferes with the events of nodulation is not understood.
The present study had three aims: Small pieces of harvested root tissues were fixed in 2-5 00 (v/v) glutaraldehyde in 0025 M phosphate buffer (pH 7) and post-fixed in 1 Go (w/v) osmium tetroxide for 2 h at room temperature. The specimens were dehydrated in increasing acetone concentrations and embedded in Spurr's epoxy resin (Spurr, 1969) . Cross sections of root or nodule tissues 1-2 aM thick were stained with 0 05 0 (w/v) toluidine blue 0 (G. T. Gurr, London), pH 9, and examined under a Zeiss research light microscope.
Serial sections were also undertaken where enlarged root hairs were associated with the infection centre.
Ultrathin sections of selected areas were mounted on 75/300 mesh naked grids, stained with saturated aqueous uranyl acetate and lead citrate (Reynolds, 1963) , and examined under a Jeol 2000FXII electron microscope at 80 kV. (Fig. 11) .
As a result of further bacterial multiplication, the cytoplasm of infected cells became more fully occupied by bacteria (Fig. 12) . Dart (1977) and Quispel (1983) for this genus. In contrast in soybean, Bhuvaneswari et al. (1980) observed that infection threads were developed in short emergent root hairs and thus suggested that emergent root hairs were the infectible cells.
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Infection process
The bradyrhizobial infection process in lupin roots seems to differ from that for many other legumes.
The entry of bradyrhizobia into lupin roots may be similar to that for Frankia infection in the nonlegume (actinorhizal) plant Elaeagnus angustifolia (Miller & Baker, 1985) or for Rhizobium infection in Mimosa scabrella (Faria et al., 1988) . acylated oligosaccharide signal appears to be involved in cortical cell proliferation (Lerouge et al., 1990) ; a similar extracellular signal may operate following addition of Bradyrhizobium to lupin roots and bacterial proliferation in the rhizosphere. In contrast to some other legumes (Libbenga & Harkes, 1973) , no threads developed into the inner cortex of lupin roots. The bradyrhizobia in lupin infection threads are usually surrounded by a thin layer of what may be rhizobial polysaccharide (Robertson et al., 1978) . In pea and some other legumes, however, the development of root nodules begins with the induction of cell division in inner cortical cells at some distance from the advancing infection thread (Libbenga & Harkes, 1973) .
The expansion of infection zones in lupin roots appears to be similar to that in A. hypogaea (Chandler, 1978) and Stylosanthes (Chandler et al., 1982) , with the invaded cells dividing repeatedly to form a nodule. Uninfected cells were seldom observed in the infection zones in lupins whereas uninfected cells are often found in nodules on other legumes, e.g. pea (Newcomb, 1976) , mung bean (Newcomb & McIntyre, 1981) or soybean (Meijer, 1982) in which the infection zone is expanded by branching of infection threads. angustifolius.
Effect of iron deficiency
While very small numbers of infection thread-like structures were formed in iron-deficient root tissues, the structure did not extend. Although, in some circumstances, bradyrhizobia may be released into the cytoplasm under iron-deficient conditions, their further proliferation may also be greatly inhibited.
The evidence from anatomical observations thus supports the previous finding from transfer experiments that iron deficiency impaired a step at the stage of nodule initiation .
Whether the failure of nodule initiation in lupins results from low internal iron supply or from external iron deficiency is unclear. Attempts to increase internal iron concentrations using different approaches such as foliar application of iron and splitroot techniques have failed (Tang et al., 1990b; 1991) . Nevertheless, in lupin plants pretreated with extremely high concentrations of iron (50 AM) before exposure to low iron concentrations (0-05 AM), nodule formation was not increased (Tang, 1991) Figure 13. Section from a root exposed to 0 05 /aM iron. On day 8 after inoculation, cell division has occurr in the outer cortex (arrows) but without formation of the meristem of nodule initials. Figure 14 . At day 9 after inoculation, cell divisions in the cortex of roots exposed to 0.25 /tm iron had ceased at the stage of day 4 after inoculation ( Fig. 3) . Some divided cells are darkly stained (arrow). Total iron concentration in root tissues is much higher than the external concentration required for maximum nodulation, and the requirement of iron for bradyrhizobial growth in pure culture is low (O'Hara, Boonkerd & Dilworth, 1988) .
In various Rhizobiumn species, common and hostspecific nodulation genes determining infection and nodulation of specific legumes have been identified (Long, 1989) . Cytological studies have suggested that nodule bacteria are able to elicit, at a distance, cortical cell differentiation and initiation of nodule organogenesis by means of extracellular signals (Bauer et al., 1985; Lerouge et al., 1990) . The major alfalfa-specific signal, NodRm-1, has been purified from the culture supernatant of R. meliloti strains (Lerouge et al., 1990) . Both common nodABC and host-specific nodH and nodQ genes of R. meliloti are involved in the production of extracellular symbiotic signals (Lerouge et al., 1990) . Iron deficiency might therefore alter the expression of nodulation genes and inhibit the production of the bradyrhizobial signal required to establish nodule meristems in lupins. However, no work has yet been done on the effect of iron deficiency on nodulation gene expression and signal production in nodule bacteria.
The development of nodules in lupins is less sensitive than nodule initiation to iron deficiency. 
